The genetic composition of the Lithuanian population was investigated by analysing mitochondrial DNA hypervariable region 1, RFLP polymorphisms and Y chromosomal biallelic and STR markers in six ethnolinguistic groups of Lithuanians, to address questions about the origin and genetic structure of the present day population. There were no significant genetic differences among ethnolinguistic groups, and an analysis of molecular variance confirmed the homogeneity of the Lithuanian population. MtDNA diversity revealed that Lithuanians are close to both Slavic (Indo-European) and Finno-Ugric speaking populations of Northern and Eastern Europe. Y-chromosome SNP haplogroup analysis showed Lithuanians to be closest to Latvians and Estonians. Significant differences between Lithuanian and Estonian Y chromosome STR haplotypes suggested that these populations have had different demographic histories. We suggest that the observed pattern of Y chromosome diversity in Lithuanians may be explained by a population bottleneck associated with Indo-European contact. Different Y chromosome STR distributions in Lithuanians and Estonians might be explained by different origins or, alternatively, be the result of some period of isolation and genetic drift after the population split.
Introduction
The territory encompassed today by Lithuania was settled relatively late, as the land became inhabitable only about 12,000 BP, after the last glaciation. Archaeological data showed that the first people to settle were late Palaeolithic hunter-gatherers, belonging to the Swiderian and Baltic Magdalenian cultures (Rimantienė, 1996) . Anthropological findings regarding Mesolithic and Neolithic inhabitants of present day Lithuania are very limited (Butrimas et al. 1985) and there is a degree of uncertainty concerning the processes of neolithization, Indo-European dispersal and formation of the Baltic tribes. The Neolithic (6,500-3,500 BP) is a period of * Correspondence to: D. Kasperavičiūtė Department of Human and Medical Genetics, Faculty of Medicine, Vilnius University, Santariskiu str. 2, LT-08661 Vilnius, Lithuania. E-mail: dalia.kasperaviciute@gf.vu.lt Tel.: +370-5-2365197; Fax:+370-5-2365199 intensive cultural development in Lithuania as ceramics, cattle breeding and farming first appeared (Rimantienė, 1996) . Linguistic and archaeological studies suggest that the formation of the Balts, who gave rise to the present day Lithuanians and Latvians, took place in the fifth millennium BP. Studies of river and lake names show that, in ancient times, the Baltic languages spread throughout a large territory to the east of the Baltic Sea, from the Vistula in the west, through the entire Upper and middle Dnepr river basin, to the Upper Reaches of the Volga, the Oka and the Moscow river in the east, and up to and across the Pripyat in the south (Vanagas, 1987) . This area roughly corresponds to the area in which, during the late Neolithic, three Corded Ware/Boat Axe cultures -Baltic Coastal, Middle Dnepr and Fatyanovowere spread.
Archaeological evidence suggests that the first Baltic culture in the territory of Lithuania was the Baltic Coastal culture, which was formed in the late Neolithic through the interaction of autochthonic (Nemunas and Narva) and Indo-European (Globular Amphora and Corded Ware) cultures (Gimbutas, 1963) . This view is also supported by craniometrical anthropological data (Česnys, 2001) , though the data are rather limited. Even though it is commonly agreed that the culture of corded ware ceramics had a direct impact on the creation of the first Baltic culture, it is not known whether it influenced autochthonic people more through cultural exchange, or involved large-scale immigration of Indo-Europeans.
Another question concerns the impact of FinnoUgrian populations on Balts. Traditionally, FinnoUgrians are associated with comb-pit ceramics; however, as with Baltic cultures, no strong evidence for relating archaeological and ethnical (linguistic) groups exists. The examination of archaeological monuments suggests that Finno-Ugrians probably had at most a minor impact on the Lithuanian population (Rimantienė, 1996) . Around 30 hydronames of Finno-Ugrian origin are known throughout Lithuania (Vanagas, 1987; Zinkevičius, 1998) , and it is thought that they mark trading roads near the rivers where small groups of people established camps in the mid-fifth millennium BP. The influence of Finno-Ugrians on Balts has also not been detected in analyses of the rare transferrin variants in blood serum in populations of the Baltic Sea region, since the genetic markers of Finno-Ugric influence (alleles TF * DCHI and TF * DFIN) are not found in the Lithuanian and Latvian populations (Beckman et al. 1998) . However, analysis of Y chromosome biallelic markers revealed surprising similarities of Lithuanians and Latvians to the Finno-Ugric Estonians and Mari (Laitinen et al. 2002) , which led these authors to the conclusion that Baltic and Finno-Ugrian males share common forefathers. The large territory inhabited by Balts in ∼ 3000 BP was at that time covered by virtually impenetrable forests, and was located far from major migration and trade routes. Thus the Balts appear to have lived for a long time in relative isolation. In the middle of the first millennium AD, or somewhat earlier, Slavic tribes began to force their way into the territory inhabited by the Balts. The ancient Baltic territory was split geographically into the western portion -the historic Prussian, Latvian and Lithuanian lands -and the remaining Baltic tribes in the east, which were eventually assimilated by the Slavs (Zinkevičius, 1998) .
Lithuanians are first mentioned in historical documents at the beginning of the 11 th century. At that time the name Lithuania was probably not used to denote the entire present-day Lithuanian region, but only a portion comprising the territory between the Neris, Nemunas and Merkys rivers. To the north Lithuanian lands bordered with the lands inhabited by Curonian, Semigalian, Selonian and Lettigalian tribes, the fusion of which gave rise to the Latvian nation, whereas to the south Lithuania bordered with the old Yotvingian lands. The land of Zemaičiai reached to the north and to the south west the early Lithuanians were contiguous with the Prussian tribes. At that time a very intensive consolidation of the related Baltic tribes took place. This contributed greatly to the formation of the present-day Lithuanian dialects. After the formation of the Lithuanian state in the 13 th century, the movement of people inside the country was very limited. From the 16 th till the end of the 19
th century approximately 80% of the population consisted of peasants, who could not move from the feudal domain to which they belonged because of serfdom. This resulted in further linguistic differentiation among different regions of Lithuania. Six dialectal groups are distinguished in present day Lithuanian: three groups of Aukštaitish (west, south and east) and three groups of Zemaitish (north, west and south) (Figure 1 ). Thus the contemporary population of Lithuania, the subject of the present study, is composed of a complex mixture of former Baltic tribes, with potentially varying influences from Finno-Ugric and Slavic sources, which could have resulted in genetic heterogeneity within Lithuania. Previous studies of the genetic variation of Lithuanians, based on blood groups and mtDNA RFLP variation (Kučinskas, 1994; revealed some internal variation, notably the differences between Nortȟ Zemaičiai and South Aukštaičiai; however, the results were inconclusive. Our previous study of mtDNA HV1 variation in 120 individuals did not show regional differences between two major groups of LithuaniansAukštaičiai andŽemaičiai (Kasperavičiūte & Kučinskas, 2002) . Since the linguistic differentiation of Lithuanians is a recent process, Y chromosome STR polymorphisms, which are rapidly mutating markers, might be more informative for exploring genetic heterogeneity within Lithuania, as well as for dissection of relationships with closely related populations. Moreover, since Lithuanians and Latvians live on the border of IndoEuropean and Finno-Ugric speaking populations, the genetic relationships of these populations might clarify the contacts between these groups in Northern Europe. A previous study of Y chromosome markers (Laitinen et al. 2002) suggested a common origin of these populations, while an earlier study of Y-STR variation (Zerjal et al. 2001) 
Materials and Methods

DNA Samples
Peripheral blood samples were collected from unrelated individuals from six ethno-linguistic groups of Lithuania ( Figure 1 ). Informed consent and information about birthplace, parents and grandparents were obtained from all donors. Genomic DNA was extracted using a standard salting out procedure (Miller et al. 1988) . For comparative analyses 91 Estonians and 46 Latvians were also sampled from throughout these countries.
Mitochondrial DNA Genotyping
Mitochondrial DNA variation was analysed in 180 Lithuanian samples (30 from each of the six ethnolinguistic groups), including 120 samples described previously (Kasperavičiūtė & Kučinskas, 2002) . Primers L15996 and 16401 (Vigilant et al. 1989) were used for amplifying the first hypervariable segment (HV1) of the mtDNA control region. These primers were used for direct sequencing of both strands of HV1 using the ABI PRISM Big Dye Terminators cycle sequencing kit (Applied Biosystems, Foster City, CA, USA) on an ABI 310 automated DNA sequencer (Applied Biosystems, Foster City, CA, USA) following the protocol recommended by the supplier. The status of positions 00073, 7028 and 14766 was determined by restriction enzyme digestion with Alw44I, AluI and MseI respectively in all samples. The primers L29 and H408 (Vigilant et al. 1989) were used for amplification of the HV2 segment containing position 00073, while the typing for positions 7028 and 14766 was performed as described in Torroni et al. (1997) . On the basis of specific nucleotide substitutions in HV1 and positions 00073, 7028 and 14766, the sequences were classified into specific European haplogroups, which were confirmed by additional restriction fragment length polymorphism typing according to Macaulay et al. (1999) , using primer pairs and conditions as in Torroni et al. (1997) . The HV1 haplotype and RFLP data are available as supplementary material and from the authors; HV1 sequences were also deposited in the HvrBase database (Handt et al. 1998) .
For phylogenetic analysis, the available published data on HV1 sequences in European, Near East and Caucasus populations were retrieved from the HvrBase database (Handt et al. 1998) ; in addition HV1 sequences from 436 poles and 200 russians (Malyarchuk et al. 2002) were included.
Y Chromosome Genotyping
Y chromosome variation was analysed in 196 male samples from Lithuania: 40 from North Aukštaičiai, 34 from South Aukštaičiai, 32 from West Aukštaičiai, 26 from NorthŽemaičiai, 34 from SouthŽemaičiai and 30 from WestŽemaičiai. Five binary markers known to be polymorphic in Northern Europe were typed using previously described procedures: Tat as in Zerjal et al. (1997) , YAP (Hammer et al. 1994) as in Hammer & Horai (1995) , M9 (Underhill et al. 1997) as in Kayser et al. (2000a) , SRY-1532 (Whitfield et al. 1995) as in Santos et al. (1999) , and 92R7 (Mathias et al. 1994) as in Hurles et al. (1999) . Haplogroups were defined by biallelic markers according to the nomenclature proposed by the Y Chromosome Consortium (2002) . Y chromosomes containing the following alleles: YAP-, Tat T, M9 G, 92R7 T and SRY-1532 G belong to haplogroup P * (xR1a). The allelic 'codes' for the other haplogroups detected in this study are: − TCCG for haplogroup BR * (xDE,JR), − TGTA for haplogroup R1a, +TCCG for haplogroup DE, − CGCG for haplogroup N3 and − TGCG for haplogroup K * (xN3,P). The correspondence between this nomenclature and the former nomenclature of Jobling et al. (1997) and Tyler-Smith (1999) is as follows: P * (xR1a) = Hg1, BR * (xDE,JR) = Hg2/9, R1a = Hg3, DE = Hg4/8/21, N3 = Hg16, K * (xN3,P) = Hg12/26.
The Y chromosome STR loci DYS19 (or DYS394), DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393 and DYS385 were analyzed using genotyping protocols and allelic nomenclature described by Kayser et al. (1997) and Redd et al. (1997) on ABI310 and ABI377 genetic analyzers. The DYS385I and DYS385II loci of haplogroup N3 chromosomes were typed separately, using protocols by Kittler et al (2003) . Y chromosome haplotypes are available as supplementary material.
Statistical Analysis
The basic parameters of molecular diversity, genetic distances and population genetic structure (including analysis of molecular variance) were calculated using the computer program Arlequin 2.0 (Schneider et al. 2000) . Multidimensional scaling (MDS) was performed by means of STATISTICA, based on F ST distances between pairs of populations. Lithuanians were compared with European populations for which both mtDNA HV1 and Y chromosome SNP data are available. The correlation between genetic distances based on mtDNA and Y chromosome variation, and between genetic and geographic distances between populations, was evaluated by the Mantel test with 10000 permutations using the Arlequin 2.0 program (Schneider et al. 2000) .
The phylogenetic relationships between Y chromosome STR haplotypes within haplogroups, as defined by the biallelic loci, were reconstructed in the form of median joining networks (Bandelt et al. 1999) , with use of the program Network 3.1.1.1 (www.fluxus-engineering.com). Because the repeat length of DYS389II includes DYS389I, the latter was subtracted from DYS389II to avoid double-counting variation at DYS389I. For network calculation, locusspecific weights were used according to the observed mutation rates for the Y-STR loci used here (Kayser et al. 2000b) , so that loci with the highest mutation rates were given the lowest weights (ratio of DYS393: DYS392: DYS385I: DYS385II: DYS19: DYS389I: DYS389II: DYS391: DYS390 = 10: 10: 7: 7: 5: 5: 2: 2: 1).
Bayesian-based coalescence analyses of Y-STR haplotype data were performed by means of the program BATWING (University of Aberdeen Department of Mathematical Sciences). The principles of the Markov-chain Monte Carlo-based inference method implemented in this program have been described elsewhere (Wilson & Balding, 1998) . We chose a two-phase population model, in which, in the past, the population was of constant size N, followed by a period of exponential growth up to the present. For the initial population size we used a lognormal (6,1) prior distribution, with mode 148, median 403, and mean 665, which represents a rather small initial founder population. The prior population growth rate was an exponential distribution with mean 0.01, which covers the simple constant-population-size model, as well as reasonable growth rates for human populations. The length of the growth period (in units of N times generation time) also had an exponential prior, with mean 1. For the Y-STR mutation rate, first we assigned gammadistributed prior distributions to the mutation rates of the STR loci, adjusted to the corresponding estimates in Kayser et al. (2000b) . For each locus we chose a gamma distribution, such that the mode was equal to the mutation rate estimate and the SD was inversely related to the number of meioses investigated by Kayser et al. (2000b) . Analyses were repeated using a more conservative phylogenetic mutation rate estimate (Zhivotovsky et al. 2004) as follows: a prior gamma distribution with mode and SD equal to the Y-STR mutation rate estimate (6.9 × 10 − 4 per 25 years) and its SD (5.7 × 10 − 4 )
from Zhivotovsky et al. (2004) was used. To produce the results, we sampled 20,000 times from the Markov chain after discarding the first 2,000 samples. We checked the robustness of our results using a variety of prior distributions for population parameters. The results were stable under different population parameters priors (data not shown), but depended on the mutation rate estimate (discussed below).
Results
MtDNA Variation
Sequences of the mtDNA HV1 region comprising nucleotide positions 16024-16400 (Anderson et al. 1981) were determined for 180 Lithuanians. The data were checked for the presence of systematic sequencing errors (phantom mutations) using the phylogenetic method described by Bandelt et al. (2002) ; no phantom mutations were found (analysis not shown). Analyses were restricted to 356 bp (nucleotide positions 16028-16383) of HV1 for the purpose of comparing the sequences reported here with published data. We detected 76 polymorphic sites and 95 distinct haplotypes among 180 Lithuanians. The proportion of transitions was 92.4%. The length polymorphisms of A and C stretches in region 16180-16193 (triggered by the 16189 T/C substitution) were disregarded in the analyses. Table 1 reports the mtDNA HV1 sequence diversity indices for all Lithuanian ethnolinguistic groups. The gene diversity (0.947-0.984) and the mean number of pairwise differences (3.61-4.98) estimates are within the range found in European populations (Comas et al. 1997 , Helgason et al. 2000 . The distributions of observed number of differences between pairs of sequences (mismatch distributions) in Lithuanians were unimodal and approximately bell shaped. The raggedness indices (Harpending et al. 1993) . This was also reinforced by Tajima's (1989) D-statistic, which was significantly negative in all groups (Table 1 ). The population structure of Lithuanians was investigated by calculating F ST distances based on HV1 sequences, and by the analysis of molecular variance (AMOVA) method (Excoffier et al. 1992) . F ST distances between ethnolinguistic groups varied from 0 to 0.028, but were not significantly different from zero. The absence of phylogeographic structure of mtDNA HV1 variation in Lithuanian was further confirmed by AMOVA analysis (Table 2 ). Both when all six Lithuanian ethnolinguistic groups were treated as a single group, and when they were grouped into the two main groups of Aukštaičiai andŽemaičiai (based on geographic and linguistic relationships), almost all (∼ 99.5%) HV1 variation fell within ethnolinguistic groups.
In order to investigate relationships between Lithuanians and other European populations, multidimensional scaling (MDS) based on F ST distances between populations was performed (Figure 2) . Overall, European populations are very closely related based on HV1 variation. In the MDS plot Lithuanians lie close to Slavs (Poles and Russians), in between Finno-Ugrian populations of northern Europe and Indo-European populations of Western Europe. However, significant (p<0.01) F ST distances were obtained with only a few In the analyses of shared sequences among populations, 32.2% of Lithuanian HV1 sequences were found to be private (not previously detected in other populations). However, no specific combinations of haplotypes or their subclusters that clearly distinguish Lithuanians from neighbouring European populations were found.
Classification of mtDNA sequences revealed the presence of all major European haplogroups in Lithuania, and these haplogroups accounted for 97% of all sequences. Table 3 reports the frequencies of mtDNA haplogroups in Lithuanians. The most frequent haplogroup, comprising almost half of the sequences, is H, which is also the most frequent haplogroup in Europe and the Near East. However, the specific lineage characterized by 16304C-16311C mutations, which was proposed to mark the Slavonic migrations from Central to East Europe (Malyarchuk & Derenko, 2001) , was not found among Lithuanians. Genetic distances between pairs of European populations, based on haplogroup frequencies (adapted from analyses of Helgason et al. 2001) , were computed using the Cavalli-Sforza method (Cavalli-Sforza & Edwards, 1967 ). An MDS plot based on these distances revealed a similar position of Lithuanians in Europe as seen in the MDS plot based on HV1 variation (not shown).
Y Chromosome Variation
The biallelic Y chromosome loci used in this study partition Lithuanian Y chromosomes into six haplogroups. Table 4 reports the frequencies of these six haplogroups in Lithuania and some European reference populations. Two major haplogroups in Lithuanian males are haplogroup R1a and haplogroup N3, comprising 45% and 37%, respectively, of all Y-chromosomes. As noted previously (Zerjal et al. 2001 , Laitinen et al. 2002 , the high frequency of haplogroup N3 places Lithuanians and Latvians closer to Finno-Ugric speaking groups than to Indo-European groups. This is also seen in the MDS plot based on F ST distances (Figure 3 ). In the MDS The correlation between F ST distances, based on Y chromosome haplogroup frequencies and geographic distances between populations, was significant (Mantel test, r = 0.45, p<0.001). The correlation between genetic distances based on mtDNA HV1 variation and Y chromosome binary markers was not significant (r = 0.32, p>0.01).
Since linguistic and historical studies suggest that Lithuanian dialectal differentiation is relatively recent, having occurred during the last millennium (Zinkevičius, 1998), fast mutating markers might be more suitable to evaluate genetic differentiation and relationships between ethnolinguistic groups within Lithuania. Therefore we typed nine Y chromosome STR loci in all samples, and constructed compound haplotypes by combining the allelic status of both the binary markers and the STR loci. We detected 123 Y chromosome compound haplotypes among 196 Lithuanian males. Overall, gene diversity based on 9 STR loci was 0.985+/− 0.004. Pairwise genetic distances based on STR variation (R ST ) within Lithuania were not significantly different from zero (data not shown), thus, similarly to mtDNA variation, there is no genetic differentiation among Lithuanian ethnolinguistic groups. The extreme homogeneity of Lithuanian Y chromosomes was confirmed by analysis of molecular variance (AMOVA), which revealed that all Y chromosome STR variation in Lithuania is due to variation within ethnolinguistic groups (Table 2) .
STR diversity analysis within each binary haplogroup revealed that the highest diversity was among haplogroup P * (xR1a) (n = 10), haplogroup BR * (xDE,JR) (n = 20) and haplogroup DE (n = 5), in which all STR haplotypes were different (h = 1). This is not surprising, especially for haplogroup BR * (xDE,JR), which is known to be a heterogeneous set of Y chromosomes. The gene diversity of haplogroup R1a Y chromosomes was 0.984+/− 0.005, where 56 distinct haplotypes were detected and the most frequent of them (16-13-17-25-11-11-13-11,14) was found in 7 individuals, comprising 8% of HgR1a Y chromosomes, and 3.6% of all Y chromosomes in Lithuanian males. Phylogenetic analysis of HgR1a Y chromosomes resulted in a very reticulated median-joining network (not shown).
The lowest gene diversity (h = 0.915+/− 0.023) was detected among HgN3 chromosomes. The most frequent haplotype (15-14-16-23-11-14-14-11-13) . Surprisingly, only 9 matches among the sample of 13986 European minimal haplotypes were found: 2 in Lithuania (Vilnius), 2 in Latvia (Riga), 4 in Germany and 1 in Norway. Even though the Ystr database does not contain information about binary markers, so that matches might be due to homoplastic mutations on different SNP backgrounds, finding no matches among 399 individuals from Finland and 133 from Estonia (Tallinn) in the database suggests that Lithuanian HgN3 chromosomes might be different from those in Finno-Ugric populations. To further investigate this, we typed 91 Estonian and 46 Latvian males for the Tat marker (which delineates HgN3), and subsequently typed those Y-chromosomes with the TatC alleles for the STR loci. We found 30 (33.3%) and 17 (39.5%) HgN3 Y chromosomes in Estonians and Latvians respectively. One Lithuanian, one Latvian and two Estonian HgN3 Y chromosomes with a duplication of DYS385II were detected, but excluded from phylogenetic analysis since it was impossible to determine which allele is ancestral and corresponds to DYS385II of other Y chromosomes. The most frequent Lithuanian haplotype (25% HgN3 chromosomes) was detected in only 2 Estonians (6.7%) and not in any Latvian. Lithuanians and Latvians also differed from Estonians for DYS19 alleles: 15 repeats at DYS19 were found in the majority of Lithuanians (94.4% HgN3 chromosomes) and Latvians (88.2%), but only in 40% of Estonians, where the 14 repeat allele was more common (60%), consistent with previous results (Zerjal et al. 2001) . Gene diversity and average variance were both lower in Lithuanian (0.912+/− 0.023 and 0.159) and Latvian (0.917+/− 0.049 and 0.158) HgN3 Y chromosomes than in Estonians (0.943+/− 0.032 and 0.196). Pairwise population comparisons (R ST values) of HgN3 chromosomes revealed significant differences among populations (Table 5 ). In the median-joining network haplotypes also tend to cluster according to populations (Figure 4) .
The lower gene diversity and nearly star-like median joining network of Lithuanian HgN3 chromosomes suggests a bottleneck involving HgN3 Figure 4 Median-joining network of haplogroup N3 Y chromosome STR haplotypes. Each circle represents a haplotype and the circle area is proportional to the number of chromosomes, with the shading indicating the relative frequency of that haplotype in each group. chromosomes in Lithuania; therefore, a demographic analysis using a Bayesian-based coalescence approach was performed (Table 6) . A signal of population growth was detected both in Lithuanians and Estonians (the Latvian sample was excluded from this analysis because of the small sample size), and also for the combined dataset, corrected for differences in sample sizes. The dates of the start of the population growth depended greatly on the mutation rate estimate used for calculations, and varied from ∼ 1000 years (using the mutation rate obtained from father-son pairs (Kayser et al. 2000b) ) to ∼ 7-8000 years (using the phylogenetic mutation rate estimate (Zhivotovsky et al. 2004) ). The true date probably lies in between these estimates. Interestingly, similar dates were obtained for HgR1a Lithuanian chromosomes and all Y chromosomes, indicating that population growth was characteristic for the whole population, while a reduction of diversity is seen only among HgN3 chromosomes.
Discussion
Historically, two main ethnolinguistic groups of Lithuanians, Aukštaičiai andŽemaičiai, developed over a long Prior probabilities * 6.9 (0.3− 36.9) 4.9 (0.1− 64.6) 6.9 (0.3− 36.9) 4.9 (0.1− 64.6) Posterior probabilities: Lithuanian, Previous studies showed minor differences between these groups in blood group and serum markers, which might reflect differences in their original gene pools (Kučinskas, 2001) . However, our results concerning mtDNA HV1 sequence and RFLP polymorphisms, and Y chromosomal biallelic and STR variation, in the Lithuanian population did not reveal any significant differences among ethnolinguistic groups of Lithuanians. Analysis of molecular variance showed that all mtDNA HV1 sequence and Y chromosome STR variation falls within the groups, indicating an extreme homogeneity of Lithuanians. Thus it is likely that, even if genetic differences between Baltic tribes existed in the past, they disappeared during the last millennium. After unification of Baltic tribes and formation of the Lithuanian state in 13 th century, no strong barriers to dispersal existed within the country; however, until the end of the 19 th century the admixture of people was limited because of the feudal system and serfdom. This resulted in linguistic differentiation that seems not to be reflected in the genetic composition of Lithuanians. However, the sample sizes of 30-40 individuals used in this study might be too small to exclude the existence of minor differences between the groups. Alternatively, the Baltic tribes from which modern Lithuanians originated may have been genetically homogeneous. In any event, the molecular genetic diversity results are consistent with anthropological data, according to which anthropometric differences among regions of Lithuania disappeared in the medieval material, and the Lithuanian population is very homogeneous in the context of Eastern Europe or the whole of Europe (Česnys, 1991) .
In comparisons with European populations, Lithuanians are closely related to Slavs (Russians and Poles) and Finno-Ugrians (Estonians and Finns), with respect to both mtDNA HV1 sequences and Y chromosome biallelic markers. These populations are also geographically closest among the populations analysed. Moreover, we found a significant correlation between genetic and geographic distances for both mtDNA and the Y chromosome. Since deep-rooting markers were employed in these analyses, it is hard to distinguish whether these similarities reflect common origin or later admixture of populations. On the basis of biallelic Y chromosomal markers, two main components in the Lithuanian male gene pool can be distinguished -haplogroup R1a and haplogroup N3 (TatC) Y chromosomes, comprising 45% and 37% of all Y Lithuanian chromosomes, respectively. Each of these haplogroups is defined by unique-event binary polymorphisms, and their spread is assumed to be unaffected by selection and to be the result of male migrations, influenced by local processes such as founder effects, genetic drift and gene flow.
Haplogroup R1a Y chromosomes, characterized by the recurrent SRY-1532 A>G>A transition, are found in many European populations (Zerjal et al. 1999 , Rosser et al. 2000 and are also observed at substantial frequencies in Northern India, Pakistan and Central Asia (Underhill et al. 1997 ). However, the low level of associated Y-STR diversity suggests a recent spread of this haplogroup over this wide geographic area (Zerjal et al. 1999) . Haplogroup R1a Y chromosomes are frequent in different linguistic groups, including IndoEuropean (Baltic, Slavic, Hindi), Finno-Ugric, Turkic and Dravidian speakers, and hence there are no clear linguistic associations with this haplogroup. Some authors (Zerjal et al. 1999 , Semino et al. 2000 suggested that, in Europe, the spread of haplogroup R1a may have been magnified by the "Kurgan culture" expansion postulated by Gimbutas (1970) . This interpretation is supported by the prevalence of R1a Y chromosomes in Eastern Europe, with a decreasing westward frequency gradient (Rosser et al. 2000) , the highest associated Y-STR diversification being detected in the Ukraine (Passarino et al. 2001) . According to this scenario, indigenous pastoral nomadic communities, who had domesticated the horse, expanded from the forest steppes between the Dnepr and Volga rivers and surrounding areas, and brought Indo-European languages into Europe and the Indian subcontinent. In the mid-fourth millennium BP the third Kurgan wave, characterized by the Corded Ware culture, reached the present-day Lithuanian territory, where the Balts appeared via interactions with local people. Recent re-analysis of anthropological data also demonstrated probable inflows of CentralEuropeans into the pre-Indo-European substratum of Lithuania (Česnys, 2001) . However, Kurgan migrations are only one of several hypotheses to account for the spread of the Indo-European languages and the subject continues to be debated. The gene inflow from Central Europe to the Baltic area could have occurred during a long stage of admixture, since the transition to farming in the Baltic circum area was a slow process. It is possible that newcomers became the social elite and reduced the reproductive success of other males, and hence the Y chromosome may emphasize the real genetic contributions of the migrations from Central Europe to presentday Lithuania.
This might also explain the reduced diversity of the second major Y chromosome haplogroup -N3 -in Lithuanians. These chromosomes, defined by the Tat T>C transition, are found in Northern Eurasia in Uralic and Altaic speaking populations (Zerjal et al. 1997) . It was suggested that they originated in Asia and were brought to Europe with Uralic speakers, prior to the arrival of Indo-European speakers. The only Indo-European speaking populations in which HgN3 chromosomes are found in frequencies comparable with those in Finno-Ugric populations, are the Balts -Lithuanians and Latvians. Zerjal et al. (2001) detected a genetic boundary between Baltic (Lithuanian and Latvian) and Finno-Ugric (Estonian) populations, which was determined by different patterns of Y-STR variation (primarily differences in DYS19 alleles) associated with haplogroup N3 Y chromosomes. This was interpreted as a signal of two different early migrations of the people carrying N3 Y chromosomes from Asia to Europe. This view is also supported by archaeological data (Rimantienė, 1996) , odontological differences, and earlier analysis of blood serum markers (Beckman et al. 1998) , according to which Finno-Ugrians had little influence on the formation of the Balts. Our analysis of more Y-STR markers in a much larger sample set of Lithuanians and Estonians confirms the differentiation of these populations, and the reduced Y-STR diversity associated with N3 chromosomes in Lithuanians. It is not possible to determine whether this differentiation is the result of different source populations, or if it occurred because of some period of isolation and genetic drift after an early immigration from Asia. However, since N3 and R1a chromosomes show different levels of differentiation between populations, this indicates that the populations were already differentiated before the contact of people carrying N3 and R1a chromosomes.
The higher diversity of Estonian HgN3 chromosomes suggests a different history for this population. Even though the frequency of HgR1a chromosomes is nearly the same in Estonians and Lithuanians, possibly the inflow of men carrying them did not cause a severe reduction in the autochthonous male population. If we assume that R1a chromosomes reflect an Indo-European influence, this might also explain why the forefathers of Estonians preserved a Finno-Ugric language.
Demographic analyses based on STR variation revealed a beginning of population growth between 1000 and 7000 years ago, both in Lithuanians and Estonians. The time when population growth started is the same for HgN3 and for the other Y-chromosomes, suggesting that it was characteristic of the whole population. This wide date interval mostly reflects uncertainty about the effective mutation rate. The younger date (based on the pedigree mutation rate) would be in good agreement with archaeological and anthropological records, which show that in the first millennium AD population numbers increased due to the rise of agriculture.
Overall, the Y chromosome and mtDNA diversity show similar relationships of Lithuanians with other populations. However, we did not find reduced diversity either in the total mtDNA gene pool of Lithuanians, or within any mtDNA haplogroup. This might be due to different histories of females and males, which is also supported by the absence of a correlation between genetic distances based on mtDNA and Y chromosome variation. Perhaps immigration from Central Europe primarily involved males; also, if elite dominance played an important role, this process would have a stronger impact on Y chromosome variation. Alternatively, it might be that no significant differences in mtDNA diversity between founder populations existed in the period of formation of the Balts; therefore, we cannot distinguish different components of founders in the present day population.
In conclusion, our study demonstrates that Lithuanians are a genetically homogeneous population. Mitochondrial DNA diversity revealed that Lithuanians are close both to Slavic (Indo-European) and FinnoUgric-speaking populations of Northern and Eastern Europe. While on the basis of biallelic Y-chromosome markers Lithuanians are closer to Finno-Ugric populations rather than other Indo-European groups, associated STR diversity indicates different histories for populations in the East Baltic area, consistent with archaeological data.
